Sporotrichosis is a mycosis caused by fungi from the Sporothrix schenckii species complex, whose prototypical member is Sporothrix schenckii sensu stricto. Pattern recognition receptors (PRRs) recognize and respond to pathogen-associated molecular patterns (PAMPs) and shape the following adaptive immune response. A family of PRRs most frequently associated with fungal recognition is the nucleotide-binding oligomerization domainlike receptor (NLR). After PAMP recognition, NLR family pyrin domaincontaining 3 (NLRP3) binds to apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and caspase-1 to form the NLRP3 inflammasome. When activated, this complex promotes the maturation of the pro-inflammatory cytokines interleukin-1b (IL-1b) and IL-18 and cell death through pyroptosis. In this study, we aimed to evaluate the importance of the NLRP3 inflammasome in the outcome of S. schenckii infection using the following three different knockout (KO) mice: NLRP3
Introduction
Fungi from the Sporothrix schenckii species complex, including Sporothrix albicans, Sporothrix brasiliensis, Sporothrix globosa, Sporothrix luriei, Sporothrix mexicana and Sporothrix schenckii sensu stricto, are the causative agents of sporotrichosis, a mycosis characterized by an acute and chronic evolution of cutaneous or subcutaneous nodular lesions affecting humans and other animals. The disease follows the traumatic inoculation of the fungus through soil-inoculating injuries, inhalation of conidia, or zoonotic transmission especially from cats and dogs. [1] [2] [3] Abbreviations: ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; DAMP, damage-associated molecular pattern; dpi, days post-inoculation; F1, alkali-insoluble fraction 1; FLICA, fluorescent-labelled inhibitor of caspases; IFN, interferon; IL, interleukin; KO, knockout; NLR, NOD-like receptor; NLRP3, NOD-like receptor family pyrin domain-containing 3; NOD, nucleotide-binding oligomerization domain; PAMP, pathogen-associated molecular pattern; PRR, pattern recognition receptor; Th, helper T; TLR, toll-like receptor; WT, wild-type 
I M M U N O L O G Y O R I G I N A L A R T I C L E
Sporotrichosis has been reported in various countries and has achieved endemic status in many of them, most commonly in those from tropical and subtropical climate regions. However, since sporotrichosis is not a mandatory reportable disease, its exact prevalence is unknown. In Brazil, sporotrichosis cases have been increasing in a consistent fashion as follows: 13 human cases of sporotrichosis were diagnosed between 1987 and 1997, whereas an epidemic was observed between 1998 and 2004 with more than 750 human, 1503 feline and 64 canine cases. 4, 5 The city of Rio de Janeiro in Brazil, where sporotrichosis is hyperendemic as noted by reports of approximately 2200 human and 3244 feline cases of sporotrichosis between 1998 and 2009, 6 is especially concerning. The immune mechanisms involved in resistance and susceptibility of the host to infection by S. schenckii are not fully understood. 7 Previous studies showed that cellbased and innate immune responses are developed during the S. schenckii infection in mice [8] [9] [10] [11] [12] [13] and that T helper type 1 (Th1) and Th2 responses are elicited in an antigen-specific manner against cell-wall antigens of this fungus. 14 More recently, we showed that S. schenckii systemic mouse infection induces the development of a protective Th17 response, featuring both Th17 and Th17/Th1 cells and the augmented ex vivo release of interleukin-17 (IL-17) and IL-22. 15 We also showed that the passive transference of sera from mice immunized with Al(OH) 3 adjuvanted S. schenckii cell-wall proteins can induce protection in a subsequent challenge with the fungus. 16 The innate recognition of pathogens by pattern recognition receptors (PRRs) shapes the following adaptive immune response, so playing a critical role in determining the outcome of the infection. 17 To prevent pathogen invasion, PRRs survey the intracellular and extracellular space and play a critical role in the innate immune response by recognizing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). 18 Therefore, the recognition of S. schenckii by Toll-like receptors 2 and 4 has been associated with the induction of pro-inflammatory cytokines and other mediators. [19] [20] [21] [22] Hence, there is a reason to believe that other PRRs participate in the host immune response against S. schenckii.
Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), given their cytoplasmic localization, act as a second line of defence to the host. 23 Members of this receptor family act as the PAMP-or DAMPrecognizing part of a multi-protein complex called inflammasome. 24, 25 The NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome emerged as the most versatile due to its broad specificity, allowing it to trigger an immune response against many different pathogens, including important protective roles against Candida albicans, 26-28 Aspergillus fumigatus, 29 Cryptococcus neoformans 30 and Paracoccidioides brasiliensis.
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After PAMP recognition, NLRP3 receptors bind to the adaptor molecule Apoptosis-associated Speck-like protein containing a Caspase recruitment domain (ASC) and caspase-1, forming the NLRP3 inflammasome. When activated, this molecular complex promotes the maturation of pro-IL-1b and pro-IL-18 into their respective active forms through caspase-1-mediated cleavage. 33, 34 Interleukin-1b and IL-18, in turn, contribute to host defence against fungal infections by increasing the antimicrobial capacity of phagocytes and initiating adaptive immune responses. 28 Recently, we reported that peritoneal macrophages from S. schenckii-infected mice display reduced caspase-1 activity and diminished secretion of IL-1b and IL-18, suggesting the involvement of inflammasome-triggered responses in sporotrichosis. 35 In addition to inducing the production of pro-inflammatory cytokines, the inflammasome protects the host from invading pathogens through pyroptosis, a caspase-1-regulated highly inflammatory cell death. 36, 37 Due to its protective role in various infections, the NLRP3 inflammasome has been a promising target for the development of new therapeutic strategies against such infections. However, there is not a single study exploring the inflammasome-fungus relationship with respect to sporotrichosis. Therefore, in this study, we aimed to address the role played by the NLRP3 inflammasome in the S. schenckii systemic infection in mice.
Materials and methods

Animals
Male 6-to 7-week-old NLRP3 flask containing 100 ml of brain-heart infusion broth (Difco Laboratories, Detroit, MI, USA) and then cultured for 7 days at 37°with constant shaking at 150 rpm. Then, an aliquot containing 10 7 yeast cells was transferred to a fresh medium and cultured for 5 more days under the same conditions to achieve a virtually 100% myceliumto-yeast conversion in a logarithmically growing culture.
Experimental design
Animals were intraperitoneally inoculated with 10 6 S. schenckii yeast cells in sterile PBS, pH 7Á4 (hereafter, PBS) or an equal volume of PBS alone and then killed at 7, 14 and 21 days post-inoculation (dpi).
F1 preparation
F1 was isolated by repeated alkaline extraction. Briefly, S. schenckii yeasts were suspended in 1 M NaOH, gently stirred for 1 hr at room temperature and then centrifuged at 5000 g for 10 min. The above procedure was repeated four times, and the resulting supernatants were combined. The alkali-insoluble sediment was washed with water until it reached a pH of 7Á0 and was then washed with pure ethanol, acetone and diethyl ether, in that order. F1 was re-suspended in RPMI-1640 complete medium (RPMI-1640C, defined as the base RPMI-1640 medium containing 20 lM of 2b-mercaptoethanol, 100 U/ml of penicillin and streptomycin, 2 mM of L-glutamine and 5% fetal calf serum) and sonicated until a homogeneous solution was obtained.
Assay for colony-forming units
Assessment of the fungal burden was performed through colony-forming unit recovery from the spleen by plating an aliquot of the macerate of the organ into Mycosel agar. Spleens were aseptically collected and passed through a 100-lm cell strainer into a Petri dish containing 2 ml of PBS with the aid of a syringe plunger. The plates were counted after 4 days of incubation at ambient temperature.
Histopathological analysis
Spleens were removed, fixed in 10% formalin for 48 hr and then embedded in paraffin. Tissue sections (5 mm) were subjected to the Gomori-Grocott staining using standard protocols (Easy Path) to allow visualization of the silver-impregnated yeasts. Each spleen was scored according to the degree of fungus presence as follows: no fungus presence = 0; low fungus presence = 1; moderate fungus presence = 2; high fungus presence = 3; extreme fungus presence = 4. Photographs were taken with an optical microscope (Leica DM2500) at 4009 magnification using the LEICA APPLICATION SUITE 3Á8 software (Leica Microsystems Cambridge Ltd, Cambridge, UK).
Splenic parameters
Spleens were aseptically collected, weighed on a precision scale (Boeco, Hamburg, Germany) and measured with the aid of a digital caliper (Mitutoyo Sul Americana LTDA, São Paulo, Brazil) for calculation of the splenic index (length 9 width 9 diameter).
Peritoneal macrophages
Peritoneal exudate cells were elicited by intraperitoneally inoculating mice with 3% thioglycollate 3 days before cell harvest in cold PBS. After washing once with PBS, macrophages were differentially counted in a Neubauer chamber and adjusted to 5 9 10 6 cells/ml in RPMI-1640C. Nonadherent cells were removed by incubating the cell suspension in tissue culture plates for 1 hr at 37°and 5% CO 2 and then discarding the supernatant; the remaining adherent cells were incubated at 37°in 5% CO 2 for 24 hr and used for the subsequent experiments.
Total splenocytes
Spleens were aseptically removed and passed through a 100-lm cell strainer into a Petri dish containing 2 ml of PBS with the aid of a syringe plunger. For red cell lysis, 6 ml of a 0Á17 M ammonium chloride solution was added to the resulting suspension and then incubated on ice for 5 min. Splenocytes were then separated from the supernatant by centrifugation at 300 g for 5 min at 4°, washed once with 3 ml of RPMI-1640C and then resuspended in 1 ml of the same medium. Cell concentration was determined by microscopy using the Trypan blue exclusion test and then the splenocytes were adjusted to 10 7 cells/ml in RPMI-1640C.
Cytokines
Peritoneal macrophages were co-cultured with splenocytes at a ratio of 1 : 2 for 24 hr at 37°and 5% CO 2 on flatbottom 48-well tissue culture plates in the presence of F1 (31Á25 lg/ml in RPMI-1640C). Final concentrations were 2Á5 9 10 6 peritoneal macrophages/ml and 5 9 10 6 splenocytes/ml. Lipopolysaccharide from Escherichia coli 0111 B (5 lg/ml in RPMI-1640C) and Concanavalin A (0Á25 lg/ml in RPMI-1640C) were used as positive controls. RPMI-1640C alone was used as negative control. IL-1b, IL-17, IL-18, and interferon-c (IFN-c) were measured in the supernatant using standard sandwich ELISA (eBioscience, San Diego, CA, USA) according to the manufacturer's recommendations.
Detection of activated caspase-1
Peritoneal macrophages (10 6 cells/well) were obtained as described above and stained with a caspase-1 fluorescence Briefly, the cells were stained for the extracellular markers, then fixed and permeabilized using eBioscience's intracellular fixation and permeabilization buffer set, and then stained for the transcription factors T-bet, RORct, and Foxp3. The events were acquired using a BD Accuri C6 flow cytometer (BD Biosciences) and analysed with the flow cytometer's proprietary software. At least 100 000 events were effectively included in each analysis.
Statistical analysis
Statistical analysis was performed in GRAPHPAD PRISM ver. 6.01 (GraphPad Software, San Diego, CA, USA) by applying Student's t-test or two-way analysis of variance (ANOVA) followed by Bonferroni's post test as indicated. Differences were considered statistically significant when P ≤ 0Á05. The data are expressed as the means AE SD.
Results
The NLRP3 inflammasome has a protective role in the S. schenckii infection To address the role of the inflammasome in the S. schenckii infection, we first determined the fungal load in the spleens of S. schenckii-infected ASC
À/À and WT mice. ASC À/À mice exhibited higher load than the WT only at 7 dpi, whereas caspase-1 À/À mice had higher load at 7 and 21 dpi (Fig. 1a) .
Additionally, histological analysis corroborated the above results, showing a greater number of yeasts in the spleens of ASC À/À mice at 7 dpi and of caspase-1 À/À mice at 7 and 21 dpi (Fig. 1b,c) . Interestingly, at 14 dpi, both ASC À/À and caspase-1 À/À mice showed a similar fungal load to the WT. However, the fungal load in the spleens of NLRP3 À/À mice was higher than in WT at all timepoints but especially at 7 dpi (Fig. 1a) . As before, these results were corroborated by histological analysis, except at 14 dpi (Fig. 1b,c) . Furthermore, despite the impaired capacity to eliminate the fungus, all the knockout (KO) animals, similarly to the WT animals, were able to survive and eliminate the infection at 35 dpi.
Inflammasome favours the inflammatory response in spleen during the S. schenckii infection
We determined the weight of the spleen and the splenic index as an indirect measure of the level of inflammatory response. A difference in spleen weight was noted only at 21 dpi among infected mice, with NLRP3 À/À , ASC À/À and caspase-1 À/À mice showing a similarly lower weight increase as compared with the WT (Fig. 2a) . The splenic index, however, was lower for mice from all three KO groups at 14 and 21 dpi (Fig. 2b,c) . Among the uninfected control animals, there was no difference either in the weight of the spleen or the splenic index between the WT and KO mice throughout the study.
The protective effect of the inflammasome may be linked to IL-1b and IL-17 production
The inflammasome activity results in IL-1b and IL-18 production from their inactive precursors, the pro-IL1b and pro-IL-18; therefore, we measured the ex vivo release of these cytokines by F1-stimulated macrophagesplenocyte co-cultures. Upon infection, IL-1b release by the cells from all three KO groups was markedly diminished when compared with the WT throughout the studied period (Fig. 3a) . In accordance with the above, S. schenckii-infected ASC À/À and caspase-1
mice showed a reduced IL-17 release as compared with the WT throughout the studied period (Fig. 3b) . However, the infected NLRP3 À/À mice showed a diminishment in IL-17 compared with the WT at only 14 dpi. On the other hand, IL-18 release by cells from all KO groups was markedly diminished as compared with the WT at only 7 dpi, except for ASC À/À mice, which showed impaired IL-18 release also at 21 dpi (Fig. 3c) . Regardless, IFN-c release from all KO groups was unaffected throughout the study period (Fig. 3d) . The release of all cytokines by cells from the uninfected control mice was extremely low to nondetectable.
Active caspase-1 expression and cell death by pyroptosis are increased during the S. schenckii infection
The activation of the NLRP3 inflammasome requires caspase-1, a proteolytic enzyme linked to a cell death process called pyroptosis; so, we decided to assess this enzyme in peritoneal macrophages during the S. schenckii infection. Although the frequency of active caspase-1-expressing macrophages was similar among all the KO and WT mice at 7 dpi (Fig. 4a) , the expression of this enzyme (as measured by its median fluorescence intensity -MFI) was significantly lower in the cells of the KO animals ( Fig. 4b) . Accordingly, S. schenckii-infected NLRP3 À/À , ASC À/À and caspase-1 À/À mice showed a similarly lower frequency of pyroptotic cells (active caspase-1-expressing dead cells) compared with the WT at 7 dpi (Fig. 4c) . A low frequency of active caspase-1-expressing live and dead cells was found among the control uninfected KO or WT mice throughout the study.
Th17 and Th1/Th17 cell development are impaired in the absence of inflammasome activity
Next, we decided to address whether the inflammasome had a role in the development of Th17 (T-bet-RORcT + ), Th17/Th1 (RORcT + T-bet + ) and Th1 (T-bet + RORcT -) cells during the S. schenckii infection. We found a higher frequency of all the three cell types in the spleen during S. schenckii infection in WT mice. However, the infected ASC À/À mice had a lower frequency of Th17 cells compared with the WT at only 7 dpi, whereas NLRP3 À/À and caspase-1 À/À mice did it at both 7 and 21 dpi (Fig. 5a ).
Statistical analysis showed no significant difference in the frequency of Th17 cells among the infected mice at 14 dpi, although it is noteworthy that the frequency of these cells in NLRP3 À/À mice was very similar to that of the WT. In general, the frequency of Th17/Th1 cells was higher than that of Th17 cells in S. schenckii-infected WT mice, although the development of Th17/Th1 cells was the most impaired in all the KO groups (Fig. 5b ). Th1 cells, however, were found at similar frequencies between WT and KO mice throughout the study (Fig. 5c ). Among uninfected control animals, there was no difference in the frequency of either cell type between the WT and KO mice throughout the study.
Treg cell development is favoured in the absence of NLRP3 during the S. schenckii infection
Given that the various Th cell subtypes show cross-regulation and the impaired development of both Th17 and Th17/Th1 cells in the S. schenckii-infected KO mice, we decided to determine the frequency of Treg cells in these animals. ASC À/À and caspase-1 À/À mice showed a similar frequency of Treg cells compared with the WT throughout the studied period (Fig. 6a) . Interestingly, the NLRP3 À/À mice had an increased frequency of these cells compared with the WT at 14 dpi (Fig. 6a) . There was no difference in the frequency of Treg cells between the WT and KO mice among uninfected control animals throughout the study.
Discussion
Inflammasome assembly requires the activation of an upstream sensor, a downstream effector and, in most cases, an adaptor molecule, such as ASC. Depending on whether ASC is required, inflammasomes can be categorized into ASC-dependent and ASC-independent, 38 the latter being represented by complexes lacking an adaptor with NLRP1b as the sensor 39 or assembled with NLRC4 instead of ASC. 40 Additionally, inflammasomes can be divided into canonical and non-canonical based on the activation of caspase-1 or -11 (caspase-1, or -4 and -5 in humans), respectively. In non-canonical inflammasomes, caspase-1 activation occurs indirectly through caspase-11. 23, 33 The engagement of NLRP3 by a PAMP leads to the recruitment of ASC, resulting in the cleavage of procaspase-1 into its active form. 41 However, ASC also interacts with other sensors, such as NLRP6, 42 NLRP10 43 and AIM2 (absent in melanoma 2). 44 The NLRP3 inflammasome is the most widely characterized, and various studies show its importance in the Statistical significance was determined by two-way analysis of variance using Bonferroni's post-test and a 95% confidence interval. *P < 0Á05, **P < 0Á01, ***P < 0Á001, and ****P < 0Á0001 for comparisons with the wild-type (WT) group in each time-point. The results are presented as the mean AE SD of five mice from three separate experiments. antifungal immune response [26] [27] [28] [29] [30] [31] [32] ; hence, we decided to assess its relevance in the development of the immune response against S. schenckii. We found that the absence of the inflammasome components ASC and caspase-1 results in an impaired control of the S. schenckii infection by the host, which was more pronounced in caspase-1 À/À mice in the late stage of the infection. These data suggest that caspase-1 modulates additional mechanisms that maybe related to ASC-independent inflammasomes, which would be involved in the development of a protective immune response late in the infection. In turn, ASC-dependent inflammasomes seem to be more important at the beginning of the infection, supposedly owing to their role in modulating important early mechanisms, whereas the development of an adaptive immune response or other late mechanisms could overcome the impaired fungal control in ASC À/À mice. Similarly, NLRP3 À/À mice showed an equally impaired capacity to control the infection compared with the caspase-1 À/À mice. These data support a protective role for NLRP3 in the S. schenckii infection from its early to late stages. During infection, the development of the inflammatory response is evident from the increase in weight and size of the spleen, because this organ plays a fundamental role in pathogen elimination and hence is subjected to augmented cell infiltration and exudate production. 45, 46 In the absence of NLRP3, ASC or caspase-1, the impaired inflammatory response is clearly noted by a lower splenic index in all KO groups compared with WT throughout the study, suggesting that inflammasome-driven responses contribute to the development of inflammatory responses during S. schenckii infection.
The end point of inflammasome activation is the production of the fully mature inflammatory cytokines IL-1b and IL-18. These cytokines are produced as inactive precursors that undergo caspase-mediated cleavage to yield biologically active molecules. Although inflammasome activity is associated with innate immunity, the production of functionally mature IL-1b and IL-18 influences the outcome of the adaptive immunity, so, affecting Th17 and Th1 responses, respectively. 28, 47 As expected, the IL1b release in all the KO groups (NLRP3 ) was markedly diminished, suggesting the inflammasome-driven release of this cytokine during the S. schenckii infection is exclusively dependent on the NLRP3 inflammasome. These results together with the given role of IL-1b in inducing IL-17 production together with IL-23 48, 49 provide an explanation for the impaired IL-17 release in all the KO groups. The release of IL-18, in turn, was diminished in all the KO groups only at 7 dpi, so suggesting that IL-18 production during early but not later stages of infection was dependent on the activation of the NLRP3 inflammasome. Nevertheless, KO mice could maintain a sustained IFN-c release at 7 dpi despite the lack of IL-18, a cytokine known for its IFN-cinducing properties together with IL-12 or IL-15. This result can be attributed to the residual IL-18 levels and other IFN-c-inducing cytokine combinations such as IL-12 plus IL-1b, IL-15, IL-2 or tumour necrosis factor-a. 50 Lastly, the inflammasome-independent IL-18 production found in our model could be explained by the pro-IL-18-cleaving activity of proteases other than caspase-1, either intracellularly (e.g. by chymase in mast cells and granzyme B in cytotoxic T cells, natural killer cells and neutrophils) 28 or extracellularly (probably by neutrophil proteases acting on the pro-IL-18 released from dying cells). 51 A diminished release of IL-1b and IL-17 accompanied the impaired control of the infection, suggesting that these cytokines may contribute to the protective effect of the inflammasome, including the NLRP3 inflammasome, in the S. schenckii infection. Interleukin-17 is produced by Th17 cells, among others, and it plays a protective role in various fungal infections by inducing inflammation 52, 53 as a result of the indirect activation of neutrophils, which occurs primarily through the up-regulation of granulocyte colony-stimulating factor and CXC chemokines in mucosal epithelial cells and the local stroma. 54 The IL-17-dependent recruitment of neutrophils to the site of infection is likely an important element in host responses to C. albicans, 55, 56 as is the induction of antimicrobial peptides at mucosal surfaces possessing direct antifungal activity towards Candida.
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However, we cannot discard the effects of the experimental conditions used in our findings. First, the ex vivo cultures were challenged with F1; so, it is possible that the use of other antigen preparations or the whole yeast would change the PAMP profile, which the cells were exposed to and, hence, the results. Although F1 is mostly composed of alkali-insoluble glucans, 59 it can also contain PAMPs capable of engaging PRRs other than those forming the inflammasome and, therefore, affecting the final cytokine response. Furthermore, b-glucans themselves are recognized by other PRRs, such as dectin-1, which has been reported to have a role in phagocytosis and the production of nitric oxide and Th17-inducing cytokines such as IL-1b, IL-6 and IL-23 during fungal infections. 60, 61 Second, the assessment of in vivo production instead of the ex vivo release of cytokines shall give a more direct perspective on the actual mechanisms at play in our model.
In addition to its role in the maturation of IL-1b and IL-18, caspase-1 can trigger inflammation through the initiation of pyroptosis, an inflammatory cell death that results in the elimination of the infecting agent and the reinforcement of the immune response. 62, 63 As expected, our results showed lower active caspase-1 expression and, consequently, a lower frequency of cells undergoing pyroptosis in the KO mice, suggesting that pyroptosis plays a role in the immune response against S. schenckii. Additionally, judging by the fact that the active caspase-1 expression was similar among all three KO groups, the activation of this protease through the inflammasome pathway during the S. schenckii infection appears to solely depend on the recognition of this fungus by NLRP3.
T helper cells play critical roles in host defence and immune-mediated diseases through their ability to differentiate into specialized subsets. These subsets attain restricted patterns of cytokine secretion and specific expression of master transcription factors in response to microbial pathogens. 64 Interleukin-1b can trigger Th17 cell differentiation while IL-23 is required for stabilizing and evoking a pathogenic T-bet + RORct + (Th1/Th17) phenotype in these cells independent of transforming growth factor-b. 65, 66 We assessed the frequency of Th17 and Th1/Th17 cells in KO groups given the markedly diminished IL-1b release in these animals. A low frequency of both cell types and a diminished release of IL-17 were found in all three KO groups albeit with important timing differences, suggesting that the S. schenckii infection stage determines the requirement of the Th17 response for NLRP3-triggered mechanisms. Our findings lead us to believe that the inflammasome-derived mechanisms involved in controlling the S. schenckii infection are probably linked to the Th17 response, which is in accordance with the recently reported protective role of such a response in this infection. 15 Furthermore, it seems that the inflammasome-induced development of the Th17 response in our model is partially due to its effect on IL1b.
Like WT, the KO mice despite their impaired ability to control the infection, could survive and eliminate the fungus. This may be partly related to the residual production of IL-17 and IFN-c or due to other immune mediators not assessed in this study. Such mediators could take part in antifungal mechanisms whose role in the absence of the inflammasome may have been sufficient to allow the KO mice to eliminate the infection ultimately. For instance, a multitude of inflammasomeunrelated PRRs such as Toll-like receptors, C-type lectin receptors (e.g. dectin-1 and -2) and others (e.g. CD14, CR, CD36, and galectin 3) are critical for the initial recognition and subsequent immune response against fungi displaying a PAMP profile similar to that of S. schenckii. 67 Among these, Toll-like receptors 2 and 4 have already been shown to have a role in the S. schenckii infection in mice. [19] [20] [21] [22] Other subsets of classical (e.g. innate lymphoid cells and natural killer cells) and nonclassical immune cells (e.g. epithelial cells, endothelial cells and platelets) may also play a crucial role in the orchestration of an efficient antifungal host response independently of the inflammasome. 68 Our findings are supported by a series of other studies showing a critical role for the inflammasome in host defence against many pathogenic fungi, ranging from survival enhancement to adaptive immunity development and cell infiltration into infected organs. In disseminated Candida infections, NLRP3, ASC or caspase-1 deficiency has been shown to lead to increased susceptibility, mortality and fungal burden in several organs. 26, 27, 69 Moreover, adaptive immune responses have also been linked to inflammasome activity in invasive candidiasis, manifesting as diminished Th1/Th17 responses followed by increased fungal outgrowth and lower survival in ASC À/À and Casp-1 À/À mice. 28 Another study showed that the NLRP3 inflammasome is essential for resistance against P. brasiliensis owing to its role in caspase-1 activation and further secretion of IL-1b and IL-18 by P. brasiliensisinfected macrophages. 32 Immune cell infiltration into the lung and effective clearance of C. neoformans were both dependent on the NLRP3 inflammasome, 30 which was also implicated in aiding survival and promoting lung leucocyte infiltration and fungal clearance of mice intranasally infected with a low virulence acapsular strain of C. neoformans. 70 Recently, Karki et al. 71 showed that mice lacking both AIM2 and NLRP3 succumbed to A. fumigatus infection more rapidly than WT mice or mice lacking a single receptor because of the combined actions of caspase-1 and caspase-8 in processing the pro-inflammatory cytokines IL-1b and IL-18.
Regulatory T cells are another Th cell population that plays an active suppressive role in the maintenance of immunological self-tolerance and immune homeostasis, but their role in protective immunity is not fully understood. 72 Treg cells can powerfully promote the transition of naive Th cells into Th17 cells producing the full suite of characteristic cytokines 73, 74 and, therefore, may have an important antimicrobial role in immunity, having been reported to participate in host protection against C. albicans.
75 NLRP3 À/À mice were the only ones to show an altered (increased) frequency of Treg cells compared with the WT but only at 14 dpi; this increase may have contributed to maintaining the frequency of Th17 cells in NLRP3 À/À mice at this time-point. Although neither KO strain showed a statistically significant reduction in the frequency of Th17 cells at 14 dpi, NLRP3 À/À mice were distinctly able to keep WT levels of this cell population.
In conclusion, our study shows that inflammasomes, especially those assembled with NLRP3, play a protective role in the S. schenckii infection. This protective role may be attributed to the triggering of pro-inflammatory mediators and Th responses along the IL-1b-IL-17 axis, so linking the innate recognition of the fungus to the following adaptive immune response. Our study paves the way for understanding the inflammasome-dependent mechanisms leading to the development of the immune response after the recognition of S. schenckii. Further research in this direction may be necessary to elaborate on our findings.
